The effects of added Si and Fe on the rate of silicic acid uptake were examined during two cruises to the equatorial Pacific upwelling zone between 110uW and 140uW. Maximum uptake rates of Si (V max ) were highly consistent with a mean of 0.026 6 0.007 h 21 (n 5 29), implying maximum diatom growth rates of ,0.6 d 21 . Halfsaturation constants for Si uptake (K S ) also showed little variance, averaging 1.7 6 0.7 mmol L 21 Si(OH) 4 . No ecologically significant spatial or temporal patterns for either V max or K S were observed. Comparison of Si uptake rates at the ambient silicic acid concentration (V amb ) with V max indicated that the ambient [Si(OH) 4 ] restricted V amb to an average of 63% 6 13% of V max . Fe additions also caused significant increases in both V max and V amb , indicating that the rate of Si uptake was also regulated by the ambient [Fe]. Fe additions had a variable effect on K S , but they consistently increased both V max and the initial slope of the kinetic curve (V max : K S ), and thus the diatom assemblages' ability to take up Si(OH) 4 at low concentrations. Added Fe or Si increased Si uptake rates by 87% 6 59% and 69% 6 31%, respectively, indicating nearly equal roles for the two elements in limiting rates of Si uptake in situ. The largest average increase in Si uptake rates, 172% 6 43%, was observed when both Si and Fe were added, implying that together Si and Fe restricted Si uptake rates by almost a factor of three.
The equatorial Pacific upwelling system is a major highnutrient low-chlorophyll (HNLC) region where relatively low phytoplankton productivity in nutrient-rich upwelled water is responsible for a large efflux of CO 2 to the atmosphere Takahashi et al. 2002) . The mechanisms responsible for the HNLC condition of this region are still debated. In situ fertilization experiments (IRONEX I and II) have demonstrated that Fe limits phytoplankton biomass, nitrate use, and CO 2 consumption in the equatorial Pacific (Martin et al. 1994; Coale et al. 1996b ). However, low concentration of silicic acid, Si(OH) 4 , relative to nitrate, NO (Ku et al. 1995; Dugdale and Wilkerson 1998) . Additional support for Si limitation comes from modeling studies that are able to reproduce many biological and biogeochemical characteristics of the system by assuming Si limitation of diatom productivity Dugdale et al. 2002) .
The evidence for Si limitation in the equatorial Pacific is largely inferential. It is based mainly on the observation that [Si(OH) 4 ] is consistently lower than [NO { 3 ] in upwelled waters (Ku et al. 1995) and that this apparent deficit of Si(OH) 4 relative to NO { 3 is maintained as both nutrients are consumed by phytoplankton in surface waters Dugdale et al. 2002) . Few experimental assessments of Si limitation have been reported from the equatorial Pacific and no previous study has examined how the hypothesized Si limitation can be reconciled with the clear demonstration of Fe limitation of diatom growth that was observed during the IRONEX experiments (Coale et al. 1996a,b) . The only two previous experiments that directly assessed Si limitation of Si uptake rates in the equatorial Pacific indicate that ambient [Si(OH) 4 ] limits Si uptake rates to ca. 45% of their potential maximum (Leynaert et al. 2001) . Combining this result with the findings from the IRONEX experiments suggests that both Fe and Si may regulate aspects of diatom productivity in the equatorial Pacific. It has not been clear, however, whether the conditions that promote Fe or Si limitation cooccur in space or in time as the experiments demonstrating limitation by Si or Fe have been conducted in different locations and during different years. The IRONEX experiments were conducted between 90u and 111uW and between 4u and 5uS (Martin et al. 1994; Coale et al. 1996b; de Baar et al. 2005) . The experiments examining Si limitation were performed a year after IRONEX II along 180uW within 2u of latitude of the equator (Leynaert et al. 2001) . No previous experiments have examined the relative intensity of Fe and Si limitation at the same time or in the same location in the equatorial Pacific upwelling zone.
The spatial and temporal patterns of Fe and Si limitation have been examined in other HNLC areas. In the subantarctic region of the Southern Ocean there is a seasonal transition from Fe limitation early in the growing season when Si(OH) 4 is relatively abundant to Si limitation once diatom growth has depleted Si(OH) 4 to low levels (e.g., Boyd et al. 1999; Franck et al. 2000; Hutchins et al. 2001) . Simultaneous control of diatom growth by [Si(OH) 4 ] and [Fe] has been demonstrated in the subantarctic (Boyd et al. 1999; Hutchins et al. 2001; Brzezinski et al. 2005) , and in the mosaic of HNLC areas along the coast of California (Hutchins and Bruland 1998; Dugdale et al. 2002) . In those studies the addition of Fe and Si together increased diatom biomass over that observed when either nutrient was added alone, providing evidence for colimitation by [Fe] and [Si(OH) 4 ].
The equatorial Pacific differs from other HNLC regions in that [Si(OH) 4 ] in the upwelling region along the equator is much more constant through time than it is in more seasonally modified HNLC systems. The persistently low [Si(OH) 4 ] and lack of strong seasonal variability in either [Si(OH) 4 ] or [NO { 3 ] in equatorial Pacific surface waters have led to the suggestion that this system operates much like a Si-limited chemostat . The low degree of nutrient variability also makes it unlikely that strong seasonal changes in the relative strengths of Fe and Si limitation occur in the equatorial Pacific. Thus, if both [Fe] and [Si(OH) 4 ] affect biogenic silica production they are likely to do so simultaneously, creating a colimited system as observed off California and in the subantarctic, but without dramatic seasonal changes in the relative effects of Si and Fe limitation.
We performed two types of experiments to examine the extent of Si limitation and the relative roles of Si and Fe as limiting nutrients in the equatorial Pacific. A total of 29 experiments examined Si uptake kinetics to assess the degree to which ambient [Si(OH) 4 ] restricted Si uptake rates in the equatorial upwelling zone between 110uW and 140uW. Additional experiments where ambient seawater was amended with Fe before assessing Si uptake kinetics were performed at four stations in the upwelling zone between 123uW and 140uW to examine the relative roles of Si and Fe in controlling the rate of Si use. The results show that nutrient limitation of Si uptake rates is pervasive and largely invariant in the equatorial Pacific, and that both the ambient [Fe] and the ambient [Si(OH) 4 ] play significant and nearly equal roles in limiting those rates.
Methods
Kinetic experiments of two kinds were performed. The first involved collecting seawater and immediately examining the response of Si uptake to added Si(OH) 4 , as has been done in several other systems (e.g., Brzezinski and Nelson 1996; Leynaert et al. 2001; Nelson et al. 2001) . The second was designed to quantify the effect of the ambient [Fe] on the kinetics of Si uptake. In those experiments seawater was augmented with Fe and held for up to 4 d before examining the kinetics of Si uptake to allow time for the diatoms to adjust to the addition of Fe. We denote these two types of experiments as standard kinetic experiments and delayed kinetic experiments, respectively, throughout this manuscript.
A total of 29 standard kinetic experiments were performed. Fifteen were performed along 110uW and along the equator between 09 and 29 December 2004 (Fig. 1a) with an additional 14 conducted between 08 and 24 September 2005 along 140uW and along a longitudinal transect at 0.5uN in the vicinity of a tropical instability wave (Fig. 1b) . Standard kinetic experiments-Seawater for the standard kinetic experiments was collected from the depth receiving 52% of the sea-surface irradiance using either a trace-metalclean rosette (2004 cruise) or a standard rosette (2005 cruise) . The trace-metal-clean rosette system consisted of a General Oceanics epoxy coated frame, 12-3 12-liter GoFlo bottles, with lead weights encased in fiberglass resin. The electronics and sensor package consisted of a Seabird pylon, conductivity-temperature-depth (CTD), and oxygen sensor. The system was deployed using Kevlar cable.
The Go-Flo bottles were removed from the rosette after each cast and transferred to a trace-metal-clean van for subsampling. Comparison of the Fe concentrations in samples collected with this equipment and processed using these protocols and in samples collected and processed using protocols developed in other trace element laboratories show essentially identical results (Johnson et al. 2007 ).
The standard rosette was equipped with 10-liter SIO bottles with closure mechanisms consisting of Tefloncoated springs and silicone tubing. For all standard kinetic experiments 10 liters of seawater were drained from a sampling bottle through acid-washed silicone tubing into an acid-washed polypropylene container. The seawater was mixed and a 50-mL subsample was withdrawn to measure ambient [Si(OH) 4 ] using the procedure of Brzezinski and Nelson (1995) . A 1.0-liter subsample was drawn and filtered through a 0.6-mm polycarbonate filter for the determination of biogenic silica concentration using the NaOH digestion procedure of Nelson et al. (1991) . The remaining seawater was dispensed into a series of eight replicate 320-mL polycarbonate bottles that were then augmented with 6.0 mmol L 21 sodium metasilicate solution to yield [Si(OH) 4 ] ranging from 0 to ,15 mmol L 21 above ambient. The radioisotope 32 Si (38,000-78,000 disintegrations per minute sample 21 ) was then added, using a high-specific-activity 32 Si stock (.500 kBq [mmol Si] 21 ) in the sample that received no added Si(OH) 4 and lower-specific-activity stock (6.25 kBq [mmol Si] 21 ) in all others. The 32 Si tracer stocks and sodium metasilicate solutions were passed through Chelex resin to remove trace metals before use. Samples were incubated on deck for 6-8 h in acrylic incubators that were cooled with surface seawater and screened with neutral density filters to 52% of ambient light. After incubation the particulate matter in each bottle was collected on a 0.6-mm polycarbonate filter by vacuum filtration (, . Each filter was then rinsed with 0.6-mm-filtered seawater to remove excess tracer and placed in a loosely capped 20-mL plastic scintillation vial to dry. Once the filters were dry the caps were tightened and all samples returned to a shore-based laboratory. After waiting at least 100 d for samples to reach secular equilibrium between 32 Si and its daughter isotope 32 P, 2.0 mL of 2.9 mol L 21 HF was added to each vial to dissolve the biogenic silica, followed by 10 mL of scintillation cocktail (HP Ultima Gold XR). 32 Si and 32 P activity were determined by liquid scintillation counting and Si uptake rates calculated from the total ( 32 Si + 32 P) activity as described by Nelson et al. (2001) .
On both cruises seawater samples for dissolved [Fe] measurement were collected from the same depths as used in the Si uptake kinetic experiments. During the 2004 cruise when the trace-metal-clean rosette system was used to collect water for the standard kinetic experiments, seawater for dissolved [Fe] determination and for the kinetic experiments were drawn from the same Go-Flo bottle. In 2005 when the standard kinetic experiments were conducted using water collected using the standard rosette system, samples for dissolved [Fe] were collected using the tracemetal-clean rosette on a separate cast at the same station. Dissolved [Fe] was measured using the flow injection method of Measures et al. (1995) as modified by Vink et al. (2000) .
Delayed kinetic experiments-The effect of [Fe] on the kinetics of Si uptake was examined by adding Fe to seawater, holding the samples under simulated in situ conditions, and performing kinetic experiments after sufficient time had elapsed to allow the phytoplankton to adapt to the elevated [Fe] . The goal was to assess Si uptake kinetics after that adaptation had occurred, but before significant net growth altered the relative abundances of phytoplankton species. It was not possible to determine the exact timescale for the physiological adjustment to added Fe a priori so we conducted kinetic experiments 0, 48, and 96 h after adding Fe. The same seawater without added Fe was incubated in parallel with that receiving Fe to serve as a control.
Because of the long incubation times involved in these experiments, extra precautions were taken to avoid tracemetal contamination of the seawater used. Seawater was collected using the trace-metal-clean rosette system described above. The rosette package was lowered to ca. 100 m and then raised at a slow speed. All 12 Go-Flo bottles were tripped in the mixed layer (generally between 20 and 30 m) without stopping the winch. This process helped ensure that each Go-Flo bottle captured water that had minimal exposure to the CTD and rosette package. The Go-Flo bottles were then transferred to a trace-metalclean van and the water from all 12 bottles was partitioned equally among six acid-washed 20-liter polycarbonate carboys using a peristaltic pump equipped with acidwashed C-flex tubing. Three of the carboys were augmented with 2 nmol L 21 Fe as acidified FeSO 4 and the others served as controls, receiving no added Fe. The carboys were placed in acrylic incubators on deck that were cooled with surface seawater and screened with plastic window screening to ca. 50% of ambient irradiance. A pair of carboys (one control and one with added Fe) was removed from the incubator at 0, 48, and 96 h after Fe addition and the water in each used for kinetic experiments using the procedures described above for the standard kinetic experiments.
Data analysis-Data from both the standard and delayed kinetic experiments were fitted with the hyperbolic Michaelis-Menten function:
where V is the specific rate of silicic acid uptake, [Si(OH) 4 ] the silicic acid concentration (ambient + added tracer), V max the maximum specific uptake rate (corresponding to the asymptote of the hyperbola at infinite [Si(OH) 4 ]), and K S is the half-saturation constant, i.e., the [Si(OH) 4 ] at which V 5 V max /2. The data from each kinetic experiment was examined for statistical outliers by applying a Woolf transformation:
to the data from each experiment to linearize the Michaelis-Menten function. Least-squares methods were used to calculate the best-fit line for each curve and the residuals to that line were determined for each data point. Individual data points with residual values that exceeded twice the standard deviation of all residuals in a given curve were identified as outliers and not used in the subsequent analysis. This procedure resulted in the removal of no more than two data points from any kinetic curve and most experiments contained no outliers. Once the outliers were removed the remaining data from each experiment were fitted by the Michaelis-Menten function by using iterative nonlinear regression, using the Marquardt-Levenberg algorithm (Press 1992 ) to obtain final values of K S and V max and their associated errors.
Results
Standard kinetic experiments- Figure 2 illustrates the two types of responses we observed in the standard kinetic experiments. In one case the data show a strong decrease in V at low [Si(OH) 4 ], indicating significant limitation of Si uptake at the ambient [Si(OH) 4 ], whereas in the other case the decrease is slight, indicating much weaker limitation. These different responses affect the uncertainty in estimates of the kinetic parameters K S and V max . Precise estimates of V max are obtained in both cases, as the asymptote of each curve is well defined. In contrast, the ability to estimate K S accurately depends upon whether the ambient [Si(OH) 4 ] is significantly less than K S . The lowest [Si(OH) 4 ] that can be examined in a kinetic experiment of this kind is the ambient concentration in the seawater used. When K S is lower than the ambient [Si(OH) 4 ] as illustrated by the upper curve in Fig. 2 , estimating K S relies on extrapolation, increasing the uncertainty in K S . The uncertainty in K S is less in the lower curve in Fig. 2 where the concentration range examined encompasses the calculated value of K S . In our data K S was often significantly lower than the ambient [Si(OH) 4 ] ( Table 1) ; thus the relative error on individual estimates of K S was often quite large. However, because of the large number of experiments performed the mean value of K S from each cruise is more robust. The kinetic parameters K S and V max displayed remarkable consistency between years and among stations. A summary of the values of K S and V max obtained on both cruises is given in Table 1 and shown in Fig. 3 . Each Table 1 . Results of kinetic experiments conducted on water from the 50% light depth. Table 1 ) corresponds to a maximum diatom division rate of about one division day 21 . That value underestimates the true maximum division rate of the diatom assemblages because of effect of siliceous detritus on specific rates. Specific rates from field experiments, including V max , are normalized to the total biogenic silica concentration, which includes biogenic silica from living diatoms, which actively take up Si(OH) 4 , and from nonliving siliceous detritus, which does not. The NaOH digestions used to measure biogenic silica concentrations dissolve all amorphous silica and thus represent the sum of amorphous silica from living diatoms and from detritus. The inclusion of detrital silica in the biogenic silica measurement thus causes the calculated V or V max to be lower than that of the living diatom fraction by a factor equivalent to the ratio of detrital silica to total (living + detrital) biogenic silica in the sample (Goering et al. 1973 ). The magnitude of K S is not influenced by the presence of detritus. The initial slope of the Michaelis-Menten kinetic curve, V max : K S , is a measure of the ability of a given diatom assemblage to take up silicic acid at low concentration (Healey 1980 The only spatial trend apparent for either K S or V max was an increase in V max near the equator along the meridional transect at 110uW (Table 1) . This increase may represent a response to the enhanced nutrient supply in the upwelling region along the equator or it may reflect a shift toward a greater fraction of the biogenic silica being associated with living diatoms in the core of the upwelling zone. No equatorial maximum in V max was observed at 140uW, and there were no discernable spatial trends in K S on either cruise.
The ratio of the rate of Si uptake at the ambient silicic acid concentration (V amb ) to V max is unaffected by the presence of detrital silica, as its influence cancels by taking the ratio of the two rates. The average V amb : V max was remarkably similar between years. The average V amb : V max for 2004 of 0.64 6 0.14 was not statistically different from the mean value 0.61 6 0.11 for 2005 (t-test p 5 0.57). V amb : V max averaged 0.63 6 0.13 for the overall data set, indicating that ambient silicic acid concentrations were on average supporting rates of Si uptake that were just less than two-thirds of V max . The inverse of V amb : V max has been termed the enhancement statistic (E) and has been used in previous studies to assess the increase in Si uptake caused by saturating additions of silicic acid (Nelson et al. 2001; Brzezinski et al. 2003) . E shows that the complete removal of Si limitation increased V by similar amounts during both years, with E averaging 1.6 6 0.4 in 2004 and 1.7 6 0.3 in 2005 (Table 1 ; t-test, p 5 0.6).
Delayed kinetic experiments-Temporal changes in biogenic silica: Time courses of biogenic silica in the four delayed kinetics experiments are shown in Fig. 4 . In general, there were small increases in biogenic silica during the first 48 h, and those changes occurred both in the treatments that received added Fe and in the controls. Biogenic silica continued to increase between 48 and 96 h, with much greater increases in the +Fe treatments than in the controls. These results are consistent with those of other Fe-addition experiments in warm waters, in which relatively little change in phytoplankton biomass has been observed in the first 24-48 h, but Fe-enriched samples have shown accelerated growth afterward (Martin and Fitzwater 1988; Hutchins and Bruland 1998) .
These results help identify a timescale for the response of diatom growth to added Fe. Whatever changes may take place during the first 48 h after Fe was added, there was relatively little stimulation of net growth of biogenic silica during that time. However, added Fe stimulated vigorous growth of biogenic silica between 48 and 96 h after addition. This means that during the first 48 h after Fe was added the condition of the diatom assemblage changed from one that would permit little net growth over the next 48 h to one that would permit vigorous net growth over the next 48 h. We will therefore focus on the results obtained 48 h after Fe addition as our best indicator of the physiological effects of added Fe on Si uptake.
Temporal changes in Si uptake kinetics: The kinetics of Si uptake observed in the delayed kinetic experiments done immediately after adding Fe were similar to those in the standard kinetic experiments performed on freshly collected samples. In comparison with mean kinetic parameters measured in the standard kinetic experiments (see above), V max was somewhat lower (0.015 6 0.037 h 21 ) and K S was indistinguishable (1.62 6 1.14 mmol L 21 ). Addition of 2 nmol L 21 Fe initially caused V max to increase only slightly (from 0.014 6 0.003 to 0.016 6 0.004 h 21 ), a change that was not statistically significant (t-test, p 5 0.58). K S appeared to increase initially with added Fe (from 1.0 6 0.7 to 2.2 6 1.2 mmol L 21 ), but that change was not statistically significant (t-test, p 5 0.13).
The results of the delayed kinetic experiments in the controls and +Fe treatments obtained after 48 h are Table 2 . After 48 h the average K S in the +Fe treatments was 1.6 6 1.3 mmol L 21 , statistically indistinguishable from that in the controls after 48 h (2.0 6 1.0 mmol L 21 ; Table 2 ; t-test, p 5 0.60) or from initial values (2.24 6 1.21 mmol L 21 ; t-test, p 5 0.49). The lack of statistical significance between controls and the +Fe treatment after 48 h is driven by the fact that adding Fe increased K S over that in the controls in two experiments (1 and 3) while lowering it in the other two (Table 2) . A very different pattern was observed in V max . After 48 h V max was significantly higher than its initial values, both in the controls and in the +Fe treatments, with added Fe increasing V max over that in controls in all experiments (Fig. 5) . V max increased to 0.049 6 0.014 h 21 in the controls and to 0.077 6 0.012 h 21 in the +Fe treatments; increasing by a factor of 3.5 and 4.8, respectively, from its initial values. Both of those increases from the initial V max are significant at the p , 0.003 level. The average V max in the +Fe treatments exceeded that in the controls by 57% (ttest, p 5 0.022). The initial slope of the Michaelis-Menten function (V max : K S ) also increased significantly with added Fe, averaging 2.4 times that in the corresponding controls (t-test, p 5 0.042).
The increase in V max over 48 h prompted us to examine whether V amb also increased in the delayed kinetic experiments. V amb in the controls and in the +Fe treatments was calculated using the Michaelis-Menten function, the values of V max , K S , and the measured ambient silicic acid concentration from each experiment. Note that in each experiment the ambient [Si(OH) 4 ] in the control and +Fe treatments were nearly identical (Table 2) and they had not changed significantly from time zero. This means that differences in the calculated V amb over time or between the control and +Fe treatments were independent of changes in substrate availability and were thus solely a function of differences in K S and V max . The mean V amb in the controls increased significantly over time from an initial value of 0.011 6 0.004 h 21 to 0.029 6 0.005 h 21 after 48 h (t-test, p 5 0.002), corresponding to a 2.6-fold increase. The increase in V amb with added Fe was greater than that in the controls. The average V amb in the +Fe treatment increased over sixfold from 0.008 60.003 initially to 0.051 60.012 h 21 after 48 h (p 5 0.0005).
Although conditions in the enclosures used for the delayed kinetic experiments increased Si uptake rates overall, the relative effect of adding Si on the kinetics of Si use was not altered. The ratio of the Si uptake rate at the ambient [Si(OH) 4 ] to V max (V amb : V max ) in the controls (0.68 6 0.17) was no different from that observed in the standard kinetic experiments during 2005, 0.61 6 0.11 (ttest, p 5 0.51; Table 1 ). The consistency in the proportional increase in Si uptake with added Si between the standard and delayed kinetic experiments allows for meaningful comparisons of the relative effect of Si and Fe in Si uptake rates.
Because the delayed kinetic experiments involved adding Si to samples with and without added Fe, the results permit us to evaluate the independent responses of Si uptake rates to adding Si alone, adding Fe alone, and the combined effect of adding Si and Fe together. The independent effects of added Si or Fe and the combined effect of adding Si and Fe together on Si uptake rates were then estimated for each experiment as follows: +Fe effect: V amb in the +Fe treatment divided by V amb in the control. +Si effect: The V max in the control divided by V amb in the control. +Si, +Fe effect: The V max in the +Fe treatment divided by V amb in the control.
On average, the addition of either Fe or Si significantly increased rates of Si uptake (Fig. 6) . The exception was experiment 1 (cast 7.06, Table 2 ) where there was no detectable effect of added Fe on Si uptake. One of the most notable results of these experiments was that the average increase in Si uptake with added Fe and with added Si was approximately the same. The increase in the rate of Si uptake caused by Fe additions, 87% 6 59%, was not statistically different from that caused by added Si, 69% 6 31% (t-test p 5 0.60). Adding Si and Fe together increased Si uptake to a greater degree than the addition of either nutrient alone (Fig. 6) . Uptake rates increased 172% 6 43% on average when Si and Fe were added together compared with ambient uptake rates in the controls. That increase is 45-69% greater than the individual effects of added Fe or Si, respectively ( p , 0.019, multiple t-test).
Discussion
Our results demonstrate that both [Si(OH) 4 ] and [Fe] limit the rate of silicic acid uptake in the surface waters of the equatorial Pacific. Consequently, diatom production in that system should not be regarded as being solely limited by either Fe or Si. The response of V to added Si in standard uptake kinetic experiments was also influenced by the low ambient [Fe] . Thus, common kinetic measures of Si limitation (V amb : V max or E) can reflect the influence of both low [Si(OH) 4 ] and that of low [Fe] on Si uptake rates and should not be interpreted as indicating solely Si limitation of the rate of Si uptake. The interpretation of previous standard kinetic experiments from HNLC regions Table 2 . Kinetic parameters and effects of Si, Fe, and (Fe+Si) on the rate of silicic acid uptake after 48 h in the delayed kinetic experiments from 2005. (e.g., Leynaert et al. 2001; Nelson et al. 2001; Franck et al. 2003 ) may need to be re-evaluated.
Cast Treatment Latitude Longitude
Our standard kinetic experiments showed remarkable consistency in both K S and V max . Although K S calculated from individual kinetic curves was often subject to large uncertainty, the mean K S values from 2004 and 2005 are very similar, with an overall mean of ca. 1.6 mmol L 21 and a range from 0.52 to 2.94 mmol L 21 (Table 1 ). In contrast, K S values reported from the HNLC surface waters of the Southern Ocean span a 40-fold range, from 1.4 to 57 mmol L 21 (Nelson et al. 2001) . V max also showed low variance. The average V max in 2004 was higher than that in 2005, but the difference was only 35%, which could easily be due to differences in the proportion of biogenic silica associated with living diatoms. The consistency in the kinetic parameters combined with the narrow range in ambient [Si(OH) 4 ] implies that the degree to which ambient [Si(OH) 4 ] limits rates of Si uptake would be equally invariant across our study region. That prediction is confirmed by the low variance in V amb : V max ratios both within and between cruises.
The relatively low variance in K S , V max , and V amb : V max supports the suggestion by Dugdale and Wilkerson (1998) that diatom growth in the equatorial Pacific is close to steady state when not under the influence of El Niñ oSouthern Oscillation or other climatic perturbations. The near steady-state nature of the limitation of Si uptake implied by our data may also extend beyond our study area. Leynaert et al. (2001) reported two Si uptake kinetic experiments in the equatorial Pacific at 180u, with K S values similar to ours (1.57 mmol L 21 at 3uS and 2.42 mmol L 21 at the equator). In those experiments V amb : V max was 0.46 at 3uS and 0.40 at the equator, somewhat lower than we report here and reflecting the lower ambient [Si(OH) 4 ] at 180u. Thus, both the kinetics of Si uptake and the degree to which [Si(OH) 4 ] limits Si uptake rates may be relatively uniform, both spatially and temporally, across the equatorial Pacific from 110uW to 180uW.
The variable response of K S to Fe addition that we observed is consistent with other observations in the literature. Laboratory studies on Thalassiosira weissflogii have shown an inconsistent effect of Fe on K S . Fe did not affect K S in the study of De La Rocha et al. (2000), whereas K S increased with added Fe in the experiments of Leynaert et al. (2004) . Field studies of diatom assemblages also show a variable response of K S to added Fe (Franck et al. 2000 (Franck et al. , 2003 . We agree with the conclusion of Leynaert et al. (2004) that there is a great deal more to learn about interaction between Fe and Si uptake kinetics.
The mean K S of 1.63 mmol L 21 observed in our experiments is somewhat lower than the mean of ca. 2.5 mmol L 21 for temperate diatoms under nutrient-replete conditions in culture (Martin-Jézéquel et al. 2000) and it is toward the low end of the range observed in other field experiments (from ca. 0.5 to 57 mmol L 21 ; Nelson and Dortch 1996; Nelson et al. 2001) . The data thus indicate that, despite low ambient [Fe] and clear evidence that Fe plays a role in limiting Si uptake, the Si uptake systems of diatoms in the equatorial Pacific exhibit average, or slightly better than average, affinity for silicic acid. 9 d in 2004, 1.3 d in 2005) . Leynaert et al. (2001) obtained two estimates of V max in the equatorial zone at 180uW. One of those, 0.028 h 21 , was similar to those we measured at 110-140uW and the other, 0.052 h 21 , was considerably higher. All of the above results were obtained in 4-8-h 32 Si incubation experiments performed during daylight hours. There is direct experimental evidence that rates of Si uptake in the equatorial Pacific are considerably lower at night than in daylight (Leynaert et al. 2001 ). Therefore average rates of Si uptake integrated over the 24-h light:dark cycle are lower than the V amb values reported here, and considerably lower than the reported V max . Yet only the single highest V max reported from the equatorial Pacific (0.052 h 21 ; Leynaert et al. 2001) approaches the diatom growth rates of 0.07 h 21 estimated from 24-h dilution experiments along the equator using trace-metalclean methods at 140uW (Latasa et al. 1997) The most likely reason why V max measured in Si uptake kinetic experiments is much lower than diatom m max estimated by dilution experiments is that much of the biogenic silica in the upper mixed layer of the equatorial Pacific may be detrital rather than being associated with living diatoms. The dilution method estimates growth rates from changes in the concentration of phytoplankton pigments (fucoxanthin in the case if the diatoms), a biomass measure that is not affected by siliceous detritus. However, the V obtained in any tracer incubation to measure Si uptake is lower than the true V for living diatoms by the proportion (detrital bSiO 2 : total bSiO 2 ) (Goering et al. 1973) . The large difference between our measured V max and the much higher diatom m max implied by dilution experiments can be resolved if most of the diatom silica in surface waters during our cruises was detrital.
We can estimate the average proportion of detrital silica as the product of the growth rate from the dilution experiments from 2004 and 2005 (0.05 h 21 , Landry pers. comm.) divided by our average V amb . The average V amb is given by the product of the average value of V max and the average V : V max ratio; 0.026 h 21 3 0.63 or 0.016 h 21 . This is a maximum estimate of the specific rate on a 24-h basis due to the strong diurnal pattern observed for Si uptake rates in the equatorial Pacific discussed above. Dividing the estimate of V amb from our daytime experiments by the specific growth rate from dilution experiments suggests that on average the fraction of the biogenic silica pool associated with living diatoms was less than 0.016/0.05 5 ,0.32. That estimate supports the idea that the majority of the biogenic silica in the surface waters was detrital and that our V amb and V max accordingly underestimate the magnitude of these rates for the living diatoms.
The effect of Fe on V max is clear and consistent. Adding Fe increased V max significantly over those in controls in every one of our four experiments (Table 2 ). This effect has been observed in other HNLC regions (Franck et al. 2003) . One difference between the results of our study and those of Franck et al. (2003) is that Fe had a much smaller effect on V max in the equatorial Pacific than in the eastern tropical Pacific or off the coast of California. Fe increased V max by an average of 40% over that in controls in our experiments, whereas V max increased by 200-300% relative to controls in response to Fe addition in the experiments of Frank et al. This suggests that Fe may play less of a role in limiting rates of Si use by diatoms in the equatorial Pacific than in other HNLC regions.
The effect of Fe on V max and other aspects of Si uptake kinetics must be viewed in the context of the generally higher Si uptake rates observed in the delayed versus the standard kinetic experiments. We hypothesize that the higher rates observed in the delayed kinetic experiments are the result of improved growth conditions at the higher light levels in the deck incubator compared with the average light intensity in the mixed layer. This presents the intriguing possibility that ambient light levels also regulate Si uptake in the equatorial Pacific, but we did not perform experiments specifically designed to address the role of light limitation on Si dynamics. The general increase in rates after 48 h in the delayed kinetic experiments emphasizes the need to assess the effect of Fe addition relative to controls. However, the similarity between the average V amb : V max value from the controls in the delayed kinetic experiments and that from the standard kinetic experiments supports the idea that relative response to added Si was also unaffected by 2 d of incubation on deck.
The initial slope of the Michaelis-Menten function (V max : K S ) is a measure of the ability of a diatom assemblage to take up Si(OH) 4 at low concentration (Healey 1980) . The high values of V max : K S along 110uW compared with those measured along the equator or along 140uW are driven mainly by the higher values of V max observed along 110uW in 2004. We do not know whether this indicates a superior ability to take up Si for diatoms along 110uW or whether there was less detrital silica present in 2004 than in 2005. The bias introduced by detrital silica notwithstanding, V max : K S has proved to be a useful index for evaluating regional differences in the uptake capabilities of diatom assemblages (Nelson et al. 2001) . A frequency histogram of V max : K S from our study has a range and shape very similar to the global data set for this parameter (Fig. 7) (Goering et al. 1973; Nelson et al. 1981; Brzezinski and Phillips 1997) , the Gulf of Mexico (Nelson and Dortch 1996) , Gulf Stream eddies (Nelson and Brzezinski 1990) , and subtropical gyres (Brzezinski and Nelson 1996; Brzezinski et al. 1998) . In contrast, the values of V max : K S from the equatorial Pacific are generally higher than those from other HNLC regions (Fig. 7) , including the Southern Ocean, mean V max : K S 5 1.73 6 2.90 (mmol L 21 h) 21 , n 5 69 (Nelson and Tréguer 1992; Nelson et al. 2001) ; the Eastern tropical Pacific, mean V max : K S 5 10.6, n 5 1 (Franck et al. 2003) ; and the HNLC waters off California, mean V max : K S 5 7.40 6 5.29, n 5 3 (Franck et al. 2003) . It is highly unlikely that the V max : K S values reported from the Southern Ocean significantly underestimate V max : K S for living diatoms in that system because of an effect of detrital silica, as the great majority of Si uptake kinetic experiments during both studies reported from the Southern Ocean were performed during vigorous diatom blooms when most of the biogenic silica present was almost certainly in living cells (Nelson et al. 1991 , Brzezinski et al. 2001 . In contrast, the kinetic experiments we report here were conducted in waters where the ambient biogenic silica may have been .65% detrital. Therefore the true physiological difference in V max : K S for diatoms in the two systems is probably significantly greater than the approximately order of magnitude difference in measured V max : K S that we report here. Thus diatom assemblages in the equatorial Pacific are better able to take up silicic acid at low concentrations than are their counterparts in other HNLC regions, in particular the Southern Ocean. Their capabilities are similar to those of diatoms growing in waters that are replete with Fe. We take this as further evidence that, although the ambient [Fe] significantly limits rates of Si uptake in the equatorial Pacific, its influence is less than in other HNLC regions.
One of our most ecologically significant findings is that Fe addition increased V max : K S to levels that exceed all field estimates of this parameter in the global data set (compare Table 2 and Fig. 7 ). V max : K S increased from an average of 27 (mmol L 21 h) 21 in the controls to 65 (mmol L 21 h) 21 with added Fe. The latter values approach the highest ratios, ca. 100 (mmol L 21 h) 21 , that have been measured in pure cultures of some of the fastest-growing diatoms (Martin-Jézéquel et al. 2000) . The ability to increase the initial slope of the uptake curve dramatically in response to Fe would allow diatoms in the equatorial Pacific to increase silica production substantially whenever they experience elevated [Fe] . This response may explain the high phytoplankton biomass associated with the intense upwelling at the cold cusps of tropical instability waves (Strutton et al. 2001) . A significant fraction of the Fe supplied to the surface waters of the equatorial Pacific comes from upwelling of the relatively Fe-rich equatorial undercurrent (Gordon et al. 1997) . Enhanced upwelling of Fe at the cusps of tropical instability waves would increase Si uptake rates, even at low [Si(OH) 4 ], by increasing V max : K S , facilitating the rapid development of diatom blooms.
The strong response of V max to added Fe observed in the delayed kinetic experiments implies that V max , V max : K S , and V amb should all be a function of the ambient [Fe] . Ambient [Fe] varied by a factor of 65 in the equatorial Pacific during the time of our observations (from 0.01 to 0.65 nmol L 21 ; Table 1 ), yet none of the above parameters of Si uptake is significantly correlated with ambient [Fe] (data not shown). Although this lack of correlation would appear to argue against a strong effect of [Fe] on rates of Si use in situ, several other interpretations are possible. The relationship between V max , V max : K S , and ambient [Fe] is confounded by potential variability in the ratio of living to detrital biogenic silica among stations. However, V amb : V max , which is free from this problem, also has no significant correlation with ambient [Fe] (R 2 5 0.008). It could be that a variable fraction of our measured [Fe] is biologically available. The vast majority of dissolved Fe in ocean surface waters is bound to organic ligands (Bruland and Lohan 2003) . The fraction of the ligand-bound Fe pool that can be used by biota for growth is not well understood. Variability in the fraction of measured Fe that is biologically available among stations would weaken the correlations between Si uptake parameters and measured ambient Fe. In contrast, our experimental additions of 2 nmol L 21 Fe for the delayed kinetic experiments almost certainly resulted in at least a transient large increase in bioavailable [Fe] , allowing the effect of Fe on the kinetics of Si use to be manifested more clearly in those experiments.
The results of our standard kinetic experiments might seem to argue that diatom growth rates in the equatorial Pacific are limited at least in part by the ambient [Si(OH) 4 ]. However, limitation of the rate of Si uptake does not necessarily imply a corresponding degree of Si limitation of diatom growth rates. Diatoms can thin their frustules in response to suboptimal [Si(OH) 4 ] and thereby maintain near maximal cell division rates despite substantially lowerthan-maximal rates of Si uptake. Si limitation of diatom growth rates can be described by an equation of the Michaelis-Menten form:
where m represents the specific growth rate, m max the maximum growth rate, and K m the silicic acid concentration at which m 5 m max /2. The diatoms' ability to grow with less Si per cell when [Si(OH) 4 ] limits the rate of uptake causes K m to be lower than the K S . A survey of the literature indicates that this difference is substantial, with the mean K m < 1/5 the mean K S for marine diatoms (Martin-Jézéquel et al. 2000) . We can use this relationship to estimate the relative growth rate (m : m max ) of the diatom assemblage implied by our measured K S values and the ambient [Si(OH) 4 ]. Rearrangement of Eq. 3 shows that:
We can therefore estimate m : m max for the diatom assemblages in the equatorial Pacific on the basis of the observation that, on average, the ambient [Si(OH) 4 ] was 1.85 times K S (Table 1) . Using the literature-based relationship that K m < K S /5 implies that:
This means that, on average, diatoms could be growing at 90% of m max and still display the degree of uptake limitation observed in our standard kinetic experiments. The estimated relative growth rate (m : m max ) is not very sensitive to the choice of the ratio K m : K S . Increasing that ratio from 1 : 5 to 1 : 3, for example, results in m : m max of 0.85.
We can also use known limits on the ability of diatoms to alter the Si content of their frustules to evaluate the potential for growth limitation implied by our standard kinetic experiments. Diatoms have a finite capacity to diminish the Si content of their frustules at low [Si(OH) 4 ]; most can change their Si content by at most a factor of four (e.g., Paasche 1973 ). This would imply that when V amb : Vmax , 0.25, m must be ,m max (i.e., the growth rate must be limited, at least to some degree, by Si). In our data set V amb : V max was always significantly above that threshold (Table 1) . Thus, we cannot unambiguously infer Si limitation of diatom growth rates in the equatorial Pacific on the basis of the kinetics of Si uptake alone; if Si did limit diatom growth rates that limitation is likely to have been quite weak.
Evaluating possible growth limitation from kinetic data is further complicated by the observation that low [Fe] alters the Si content of diatom frustules, but in a manner directly opposite to the effect of low [Si(OH) 4 ]. Low Fe can cause diatoms to increase their cellular Si content (Hutchins and Bruland 1998; Takeda 1998; Leynaert et al. 2004 4 ] affected cellular Si levels for the numerically dominant diatom genus in our study area. Cell counts revealed that a small pennate diatom dominated the diatom assemblage numerically during both cruises (Landry pers. com.) . Direct measures of the cellular Si content of these cells on the basis of x-ray fluorescence (Baines and Twining pers. comm.) show that they did not change their cellular Si content in response to added Fe, but that they nearly doubled their cellular Si content with added Si(OH) 4 .
A hypothesis that reconciles all observations is that Fe controls the rate of diatom cell division while Si regulates the rate of Si uptake. With this scenario addition of Si alone would be predicted to cause a rapid response of the Si transport system, increasing rates of Si uptake as observed. The addition of Si would not significantly affect growth rate, which would continue unaffected, but the increase in the rate of Si uptake would allow the thickness of diatom frustules to be restored to Si-replete levels. Fe addition would also increase Si uptake rates, but indirectly by accelerating division rates. Because diatoms deposit their frustules during the course of the cell cycle (Brzezinski 1992; Martin-Jézéquel et al. 2000; Claquin et al. 2002) , any process that accelerates the progression of cells through that cycle will accelerate the rate of frustule formation, increasing Si uptake rates, without necessarily changing cellular silicon content. This would boost rates of Si uptake in response to added Fe. The net result of Si limitation of Si uptake and Fe limitation of the rate of cell division would be that diatoms in the equatorial Pacific would be on average growing at less than m max and with reduced cellular Si.
A powerful test of the proposed limitation of Si uptake by Si and of diatom division rates by Fe is to determine whether this scenario predicts the observation that Si uptake rates are greatest when Si and Fe are added in combination compared with when either nutrient is added alone. The proposed combined effect of low ambient [Si(OH) 4 ] and [Fe] is to reduce cellular Si levels and rates of cell division. Thus, the greatest increases in the rates of Si use would occur when both cellular Si content and division rates are restored to maximum levels. Addition of Si would restore cellular Si levels, but not division rates, and the addition of Fe would do the opposite. Neither nutrient alone can restore both processes, but together they can if [Si(OH) 4 ] limits uptake and [Fe] limits division rates. The result is that Si uptake is highest when Si and Fe are added together compared with when either nutrient is added alone, as observed experimentally.
The idea that Fe regulates the rate of cell division while Si regulates rates of Si uptake is also consistent with the difference in the time required for the effects of added Si or added Fe to be manifested. The response to added Si occurs quickly and is apparent after the 6-8-h incubations used in our kinetic experiments. In our delayed kinetic experiments added Fe showed no significant effect on Si uptake kinetics over this same timescale. However, pronounced changes in Si uptake kinetics were observed in the +Fe treatments 48 h after Fe addition, indicating that Fe influences Si uptake indirectly through its long-term effects on cellular processes rather than by an instantaneous regulation of the Si transport system.
Our (Hutchins et al. 2001; Franck et al. 2003 ). Colimitation appears to be operating in the equatorial Pacific as well, with low levels of both [Si(OH) 4 ] and [Fe] interacting to restrict rates of silicic acid use. In our case the mechanism of colimitation appears to be that Si limits rates of Si uptake by diatoms while Fe limits their rate of cell division.
Given the significant effect of low [Fe] on the rate of silicic acid use in the equatorial Pacific, we must re-evaluate why models based solely on Si limitation are able to reproduce so many aspects of the phytoplankton and nutrient dynamics of this region Dugdale et al. 2002) . We have demonstrated that the field estimates of K S and V max from HNLC regions implicitly incorporate the combined effect of both low [Fe] and low [Si(OH) 4 ] on Si uptake. When models use values of K S and V max similar to those observed in field experiments in the equatorial Pacific they therefore implicitly include the combined effect of Fe on the kinetics of Si use. No field estimates of K S or V max were available from the equatorial Pacific when those models were first constructed, yet the value of K S chosen for use in the models, 3.0 mmol L 21 , is within 2 SD of the average value that we measured ( Table 1 ). The value of V max used, 0.125 h 21 , is much higher than our measured overall mean V max of 0.026 h 21 (Table 1) . However, the value required by the model is the V max for living diatoms, which is probably severely underestimated by our measures of V max because of a large fraction of detrital silica in our samples (see above). As argued above, a better estimate of the maximum uptake rate of living diatoms can be made by assuming steady state such that the specific growth rate of diatoms obtained from dilution experiments is equal to V max . That value, 0.05-0.07 h 21 (Latasa et al. 1997; Landry pers. com.) , is much closer to the value of 0.125 h 21 used in the model.
The values of the modeled V max for living diatoms and our estimate of this parameter on the basis of field data are brought even closer by an imposed light dependence of Si uptake in the model, which effectively reduces V max at all but saturating light intensities . Interestingly, the light dependence of Si uptake in the model is a function of Fe as the initial slope of the photosynthesis versus light energy curve for diatoms is modulated by Fe, which affects the light dependence of Si uptake. This allows the model to simulate a strong diatom response to a simulated iron fertilization experiment, with the resulting diatom bloom ending in Si limitation (Chai et al. 2007 ). Thus, although the results of these models have been used to argue for Si regulation of diatom growth in the equatorial Pacific Dugdale et al. 2002) , our results and the linkages between Fe and Si in the model indicate that these models are more accurately described as simulating Si and Fe colimitation. Refinements of these models that contain more explicit formulation of Si and Fe colimitation may succeed as well or better than current versions and would then provide clearer insight into the mechanisms driving carbon cycling in the equatorial Pacific.
We have demonstrated that limitation of Si uptake is fairly uniform across the upwelling zone of the equatorial Pacific under conditions of normal upwelling, and that both [Si(OH) 4 ] and [Fe] influence that limitation. This regularity is likely disrupted during El Niñ o when upwelling is reduced and near tropical instability waves where upwelling is enhanced since both phenomena affect the supply of both Fe and Si to surface waters from mixing (Strutton et al. 2001) . Our findings thus apply to the average conditions in the equatorial Pacific outside of those perturbations, when it appears that both [Fe] and [Si(OH) 4 ] are proximate colimiting factors for diatom silica production with their individual effects being nearly equal in magnitude. These individual effects are cumulative, and together they imply that low [Fe] and low [Si(OH) 4 ] in equatorial Pacific surface waters cause the rate of Si uptake to be only about one-third of what it would be with ample supplies of both nutrients.
